Discussion on a mechanical equilibrium condition of a sessile drop on a smooth solid surface
Interfacial surface tension is important in the fundamental sciences and in numerous industrial applications, such as paints, adhesives, and detergents. It is generally found that liquids with low surface tension spread on a surface, while those with high surface tension often show finite contact angles. For example, water has a surface tension of 72 mN/ m at 25°C, whereas mercury, which forms nearly spherical droplets, has a surface tension of approximately 465 mN/ m at this temperature.
The contact equilibrium of a drop on a solid surface is shown in Fig. 1 . Contact angle is related to the surface energy, ␥, by the equation
where s, a, and l represent solid, air, and liquid, respectively. This equation was derived by Young in 1805 and Dupre in 1869, and is often referred to as Young's equation or the Young-Dupre equation. Young's equation is popularly used to determine the contact angles and surface energies of liquid drops on rigid solid surfaces. However, as pointed out by Bikerman, Young's equation is incomplete because it does not consider the vertical component of ␥ al . 1 The force due to this vertical component is very small and its effect on a rigid solid surface as encountered in routine experiments is negligible. However, Lester predicted that the vertical force could cause a distortion of the solid surface if the solid were easily deformable.
2 Therefore, when the solid is a thin flexible surface, such as a microcantilever, the vertical force component might be sufficient to distort the surface. Although this vertical component of surface stress is becoming more important with the progress in cantilever-based sensors, its effect has to our best knowledge not been measured. It may also play a significant role in other nanoscale technologies which utilize thin surfaces, such as liquid phase atomic force microscopy ͑AFM͒.
Here, we report on the influence of the vertical component of surface energy on microcantilevers when nanobubbles form on their surfaces. Nanobubbles are believed to cause long-range hydrophobic interactions through a bridging process between two apposite hydrophobic surfaces or colloid particles. [3] [4] [5] Many researchers have reported the existence of nanobubbles using tapping mode AFM. [6] [7] [8] [9] [10] AFM can be used only on surfaces that are accessible for imaging, whereas microcantilever sensors can detect the formation of nanobubbles inside a microfluidic device in real time. The cantilever has a bilayer structure which is usually a thin gold film on one side of a silicon or silicon nitride substrate, and it bends in response to differential surface stress. Thus it is a multifunctional detection paradigm that can be tailored for improved response to stressors such as temperature change or molecular adsorption. [11] [12] [13] [14] For the present experiments, we have used commercially available rectangular silicon cantilevers ͑MikroMasch, Portland, OR͒. Each cantilever is 350 m long, 35 m wide, and 1 m thick, and has a spring constant of about 0.03 N / m. We have used standard cleaning procedures 14 to clean the cantilevers prior to the experiments. After being cleaned, the cantilevers were coated on one side with a 2.5 nm layer of chromium and a 25 nm layer of gold, and were kept immersed in ethanol to reduce gold oxide. This procedure makes the gold surface less hydrophilic than silicon. In order to make the gold surface hydrophobic, some cantilevers were kept in dodecanethiol solution ͑1 mg/ ml ethanol͒ overnight. After this procedure, the contact angles on silicon, gold and dodecanethiol treated gold were measured to about 30, 50, and 100 deg, respectively. A four-quadrant AFM head with an integrated laser and a position-sensitive detector ͑Digital Instruments, Santa Barbara, CA͒ was used to measure the optical deflection of the cantilever. Flow was controlled by a syringe pump ͑IITC Inc., Woodland Hills, CA͒ equipped with a low-pressure liquid chromatography injector valve and a 2 mL injection loop ͑Upchurch Scientific, Oak Harbor, WA͒. Cantilever deflection was monitored throughout the experiment by a model 34970A Data Logger ͑HP, Palo Alto, CA͒. De-ionized water ͑18.2 M⍀ cm͒ was obtained from a Millipore Direct Q system. Half of the water was degassed by bubbling helium through it for 20 min. 15 The rest was kept inside a glass bottle. Figure 2 shows contact-mode AFM images of a silicon wafer surface in air-rich water ͑a͒ and degassed water ͑b͒. The surfaces were scanned with a triangular silicon nitride cantilever of which dimension is 200 m long, 40 m wide, 0.6 m thick ͑Veeco, CA͒. Before being imaged, the silicon wafers were equilibrated with either air-rich water or degassed water overnight. The brighter domains in Fig. 2͑a͒ are believed to be nanobubbles. Several images were obtained at different scan areas ͑2 ϫ 2 m͒, but the brighter domains were observed only in air-rich water. The existence of nanobubbles was confirmed by using different normal loads, as described by Holmberg and co-workers. 16 In brief, most of the bright domains disappear or become smaller with a higher scanning force but appear again with a lower scanning force. Since the lifetime of a nanobubble decreases with its size, it is impossible with AFM to image the nanobubbles with diameters of a few nanometers. AFM images in Fig.  2͑a͒ are obtained with the normal load of 0.5 nN and the nanobubbles are about 100 nm in diameter and 2.6± 1.0 nm in height. Because of the roughness of the unannealed gold layer, the difference in height between the peaks and valleys on the cantilever surface was larger than the height of the nanobubbles. Therefore, it was difficult to observe nanobubbles clearly on the gold surface. Figure 3 shows cantilever deflection as a function of time. A gold-coated silicon cantilever was first equilibrated overnight in the experimental flow cell under flowing degassed water. Air-rich water was then loaded into the 2 mL loop, injected, and allowed to flow for 1 h. After this time, the system was only open to flowing degassed water. All processes were monitored with an optical microscope during the experiment, and no macroscopic bubbles were observed.
As air-rich water replaced the degassed water, the cantilever began to bend downwards ͑toward the gold side͒. However, during the reflow of degassed water, the cantilever did not deflect, which indicates that the bending was not caused by heat of mixing, refractive index, or pH. Instead, bending may have been due to nanobubbles which remained on the surface during the reflow. Accordingly, Tyrrell and Attard observed that nanobubbles may last for hours without discernible changes in distribution or morphology. 17 To test the behavior of a bilayer with a greater difference in hydrophobicity, we performed the same experiment with a cantilever that had a dodecanethiol monolayer on its gold surface. This cantilever showed greater deflection than a plain gold-coated cantilever, supporting our belief that bending in our experiment originated from differential stress due to many nanobubbles on the more hydrophobic surface. The controls, an uncoated silicon cantilever and a cantilever coated with gold on both sides, showed no deflection upon injection of air-rich water.
In adsorption-induced bending of a cantilever, the deflection of the cantilever, ⌬z, is proportional to the change of the surface stress ͑averaged over the cantilever surface͒, , and it can be calculated by Stoney's equation
where E is Young's modulus, is Poisson's ratio, t is the cantilever thickness, and L is cantilever length. However, in the case of bubble formation the bending is caused by the vertical component of surface tension. Since the gold surface is less hydrophilic and rougher than the silicon surface, hydrophobic nanobubbles form preferentially on the gold surface. When a nanobubble forms on a solid surface, its contact angle is determined in a way that minimizes the total free energy and can be predicted by Young's equation ͓Eq. ͑1͔͒.
Since the lateral components of the surface energies are balanced to zero in Eq. ͑1͒, lateral surface energy is not responsible for the cantilever bending during the formation of nanobubbles. The vertical component of ␥ al distorts the lattice of the cantilever material in an annular region around the circumference of the bubble. These localized lattice distortions change the surface stress and cause the cantilever to bend. The force acting on the cantilever due to a single bubble can be calculated using the radius of the bubble and its distance from the fixed end of the cantilever. Although the radii   FIG. 2 . AFM images of silicon wafers with ͑a͒ air-rich de-ionized water and ͑b͒ degassed de-ionized water. ͑c͒ Cross-sectional height profile of ͑a͒. FIG. 3 . Cantilever deflection and change in surface stress plotted against time as degassed water is replaced by air-rich water. A silicon cantilever was coated with thin gold film and another was with dodecanethiol selfassembled monolayer. The tendency of the formation of nanobubbles increases with the order of silicon, gold, and dodecanethiol surfaces, which is same as the order of hydrophobicity of the surfaces.
of the bubbles and their relative positions are unknown, the average vertical force on the gold lattice can be calculated from the deflection and the spring constant of the cantilever. The change in equivalent lateral surface stress during the formation of the nanobubbles is calculated by Eq. ͑2͒ and it is shown in Fig. 3 ͑see the y axis on the right side of Fig. 3͒ . This change in surface stress is comparable to that observed when thiolated DNA is adsorbed on a gold surface ͑20 bp thiol-terminated DNA, 1.5 M͒, but opposite in direction.
From Fig. 3 it is clear that the cantilever undergoes bending when exposed to air-rich water, and that increased bending is observed for more hydrophobic surfaces. This suggests that bending is probably a result of the differential in surface energy produced when one surface prefers nanobubble formation. The vertical component of ␥ al deforms a flexible microcantilever with a spring constant of 0.03 N / m, implying that nanobubble formation may interfere with bending and affect the cantilever sensor signal when deflection is used for detection. Microcantilever sensors have been used for detection of chemical species in solution where adsorption-induced bending serves as the sensor signal. Unless care is taken to avoid nanobubble formation on the cantilevers, the sensor signal obtained may not accurately represent the adsorption-induced bending when measurements are carried out under solution. The effect of nanobubble formation may explain the irreproducibility and unusually low surface stresses often obtained for experiments carried out under solution.
Another implication of these experiments is that the vertical component of Young's equation is needed for flexible surfaces such as microcantilevers and thin membranes. The vertical component of ␥ exists only when droplets or bubbles are present and may play an important role when contact angles are large. Our observation of cantilever bending and its possible relationship to nanobubbles is supported by polymer droplet deposition on cantilevers carried out by Bonaccurso et al. 18 Their results show that cantilevers bend upwards when small droplets of polymers are deposited on the cantilever beams, and that bending is in the same direction as the vertical component of Young's equation.
To our best knowledge, these experiments are the first to suggest that the vertical component of the surface energy in Young's equation influences the bending of a cantilever beam. Our experimental results show that microcantilevers undergo bending which can be related to nanobubble formation on the cantilever surface. Because nanobubbles form spontaneously on solid surfaces and affect surface phenomena by causing unwanted interactions, or by hindering molecular adsorption, the detection and control of the nanobubbles is very important for any surface-related experiment. Although a microcantilever sensor does not measure the size or number of nanobubbles on its surface, it can clearly and sensitively detect nanobubble formation, and can be used on the inside of microfluidic devices for testing the degree of aeration of a liquid carrier, or for detecting and monitoring nanobubble behavior.
